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ABSTRACT

This project involves the design of a lowpass LC ladder filter, implementing a
Fifth order Butterworth transfer function, which is tunable between 400 MHz to
1 GHz in four steps. The filter is designed in 180 nm UMC CMOS technology with
a supply voltage of 1.8 V. In an attempt to reduce total chip area, the inductors of
the passive ladder are realized using a single coil tapped at multiple points to make
use of positive mutual coupling. Also, the use of MOS transistors in accumulation
with high specific capacitance, instead of the more linear metal-metal capacitors
is explored. The complete laid out filter occupies an area of 1220 p mx740 pm out
of which two-thirds is occupied only by the top most metal layer. The output is

driven using test buffers for accurate measurement of filter characteristics.

il
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CHAPTER 1

Introduction

1.1 Motivation

Passive LC ladder filters are the oldest of all known architectures and the simplest
(in terms of necessary components) implementation of a given transfer function.
They require no power supplies, are not resticted by bandwidth limitations (as are
opamp active-RC filters) and have a much wider dynamic range when compared to
other types of design. But without active elements they cannot provide signal gain.
Practical values of input and output impedances in a passive filter are too low for
many applications. Most importantly they use bulky and untunable components.
Essentially, the size of inductors and capacitors restrict the minimum bandwidth
for which these filters can be used which ususally is a couple of GigaHertz and

above.

To overcome these disadvantages, active designs are used at lower frequencies.
Opamp-RC filters with careful circuit design can achieve very good accuracy with-
ing the amplifier’s operating frequency range, i.e. hundreds of kiloHertz. OTA-C
filters are another popular architecture because of their wide frequency range of
operation. Although these filters have limited linearity they provide reasonable

performance till approximately 300 MHz.

The above discussion clearly presents need for a filter design with its bandwidth
in the frequency range of 300 MHz to 1 GHz. In this thesis we explore a passive
ladder architecture which can be operated in hundreds of MegaHertz range without
letting the total chip area to get out of hand. Also, the filter is made tunable from
400 MHz to 1 GHz in four steps without changing the inductor spiral. The theory
and design of each building block of the filter are discussed. The simulated results

of the final layout extracted filter are presented and discussed.



1.2 Organization of the thesis

Chapter 2 introduces the filter type and architecture and touches upon its im-

plementation.

Chapter 3 explains how a single spiral with multiple taps can be used to reduce

the area occupied by filter’s inductors.

Chapter 4 presents the design of the input voltage controlled current source.

Chapter 5 explores the use of MOS capacitors in accumalation instead of metal-

metal capacitors for use in the LC ladder.

Chapter 6 presents the design of a Fifth Order Tunable Passive Butterworth
Ladder Filter using MOS Capacitors.

Chapter 7 discusses the simulation results of the filter including lay out parasitics.

Chapter 8 presents the conclusion and scope of future work.



CHAPTER 2

Filter architecture and implementation

2.1 Filter Transfer Function

The magnitude response |H (jw)| of a lowpass Butterworth filter with n poles is

[ H (jw)| =4/ Hﬁ (2.1)

Normalized for a band edge of 1rad/sec, the transfer function H(s) for such a

filter with n=>5 looks like

1
14 3.2365 + 5.23652 + 5.23653 + 3.2365% 4 55

H(s) (2.2)

As we can see the set of five poles (referenced hereon as a vector [p]) of this
Butterworth function fall on a unit circle centered at origin:
p12 = —0.3090 = 0.95105
ps = —1.0000
pas = —0.8090 £ 0.58775

Poles and Magnitude response of H(s) are shown in Fig.2.1

2.2 Implementation

The LC ladder used for implementing this 5 order function can be either singly
or doubly terminated. The magnitude response of a ladder with equal termination
resistances at both input and output is less sensitive to its components’ values,

but has attenuation of 6 dB at DC. Since, the inductors are also lossy it translates



Poles and Magnitude Plot of 5th order Butterworth Filter
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Figure 2.1: Poles and Magnitude Response of a normalized Butterworth

to an even lower pass band gain for the filter’s transfer function. Thus, a singly
terminated ladder structure is chosen (with termination resistance on the input

side) and capacitances and inductances calculated accordingly.

The transfer function realized by a singly terminated ladder is:

1

(1 + SRCg)[(l + 8201[41)(1 + 8202L2) + SQCng] + SRCg(l + 8201L1)
(2.3)

H(s) =

A filter with band edge at 1rad/sec and with termination resistance (R) of 1
can be realized using:
Ly =1.694H, Ly, =0.8944H
Cy =1545F, Cy = 1.382F, C5 = 0.3090 F
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Figure 2.2: (a)Doubly terminated ladder (b)Singly terminated ladder

2.3 Lossy Inductors

Inductors are implemented on ICs as spirals using metal tracks. Their performance
depends on parameters like their length, number of turns, spacing between tracks,
track width, oxide thickness, number of layers, etc. A basic m model of the inductor
is shown in Fig.2.3. L, is the sum of self and mutual inductances of the coil and
C, is the lumped representation of sidewall capacitances between adjacent turns
of a spiral. Except for the series resistance (rs) all components in the model are
parasitics. Effect of oxide (C,;) and bulk capcitances (Cs;) between metal tracks

and substrate is discussed in Chapter 3.

The quality factor @@ of an inductor is the ratio of its inductive reactance to
its resistance at a given frequency, and is a measure of its efficiency. The filter
response can be made impervious to r, provided the quality factors of all inductors
are equal and above a certain threshold. The aim is to make the magnitude
response of the lossy filter proportional to that of an ideal or lossless filter by

modifying the element values.

A simple model for lossy elements would be to assume each inductance L in

series with a resistance r and each capacitance with a conductance g in parallel
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Figure 2.3: A spiral inductor and its equivalent circuit

with it. Then the impedance offered by these lossy elements is:

Zu(s) = sL+r = L(s + %) = L(s+61) (2.4)

11 1 25)
sC+g C(s+4) C(s+éc) '

Zc(s)

If the quality factors of all the elements in the afore mentioned ladder are

equal, i.e 0y, =0¢; =0 for t =1,2 and j = 1,2, 3 then

Z1i(s) = L(s + ) (2.6)
1
Zcj(s) = 1 0) (2.7)

When these new impedance functions are substituted in Eq. 2.2 all the s terms
are replaced by s+ 6. Hence, the transfer function can now be written as H(s+9)
instead of H(s). This is equivalent to shifting the jw axis in s-plane towards right
by 0 rad/sec. This should also be evident from the fact that since now instead of
ideal, lossless elements we are using lossy inductors and capacitors which have a

finite quality factor, the ratio I'm([p])/Re([p]) decreases.

7



The lowpass filter realized by H (s+6) is not the Butterworth transfer function
we wanted. Instead, due to low quality factor, roll off of magnitude is not as sharp
and there is some attenuation in the pass band which reduces the filter’s 3dB
bandwidth. To retain the earlier Butterworth function, these poles have to be
shifted to left by the same amount, i.e. drad/sec. To achieve this shift, new
element values need to be calculated such that the lossless prototype ladder’s
transfer function, Hp;gng(s), has poles shifted towards jw axis by 0, which in
presence of lossy elements move away from imaginary axis by 6. Thus, Hpigno(s),
the transfer function of lossless prototype ladder filter is given by Hpigng(s) =
H(s — 0) where H(s) is the desired transfer function.

For demonstration purposes, value of quality factor @) at 1rad/sec is taken to
be 5 in this chapter. This makes § =r/L = g/C = 0.2rad/sec. Poles of Hp;nq(s)
should be [p] + 4, i.e.,
p12 = —0.1090 £ 0.9510;
p3 = —0.8000
pas = —0.6090 £ 0.5877;

From the above numbers we can easily see that the minimum required value
of @) for this method to work is decided by the pair of poles closest to imaginary
axis. For Hygng to be stable and realizable using real elements all poles should lie
in left half s-plane. Thus, the maximum ¢ possible for a fifth order Butterworth
function is 0.309 rad/sec.

Our new transfer function which needs to be realize using lossy components is

1

- 1+ 3.188s + 5.31452 + 5.802s3 + 4.258s% + 1.904 5
(2.8)

Hpigng(s) = H(s —9)

A ladder which realizes Hp;gng(s) is shown in Fig.2.4. It should be noted

that resistors have been added in parallel with all the capacitors to achieve the



required quality factor, because the capacitors used in IC design have very low
inherent loss and their () approaches infinity. But, adding shunt conductances
also means that at low frequencies there is some attenuation in signal. This is
the reason we started of with a termination only at the input’s side instead of a
doubly terminated ladder so that the overall attenuation in pass band of filter is
not too high. Pass band attenuation depends on the ratio of shunt resistors and
termination resistance. This effectively means higher the quality of elements at

our disposal, lower is the filter’s DC attenuation.

10 1.694H 0.8944H
2115 2115 +
Vin
P p— —_— VYo
0.3090T:l\ 1.382E1\ 1.545F
(a)
10 1.242H 2.018H
2115 2115 +
Vin
p— p— —_— VYo
0.447FT 1.795?1\ 0.945F
(b)
10 0.248Q 1.242H 0.403Q 2.018H
Vin M
1 1 =2
0.447FT 1.795E1\ 0.945FT
©11.180 ()' 2.7840Q ' 5.2890
C

Figure 2.4: Passive ladders implementing (a)H (s), (b)H (s —0) and (¢)H spifrea($)

The transfer function realized by this lossy ladder is proportional to the ideal

Butterworth response and is represented by:



1

Hs 1 fte p 29
nifted($) 1.904 + 6.162s + 9.97052 + 9.970s3 + 6.162s* + 1.9045° (2.9)
B 0.5252 (2.10)
T 1+ 3.2365 + 5.23652 + 5.23653 + 3.2365% + 55 ‘
= 0.5252 x H(s) (2.11)

Fig. 2.5 compares the poles and magnitude response of the three transfer func-
tion discussed, i.e. an ideal Butterworth (H(s) Fig.2.4(a)), lossless prototype with
poles shifted towards jw axis (H(s — d) Fig.2.4(b)) and its implementation with
lossy capacitors and inductors (Hgp;frea(s) Fig. 2.4(c)).
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10 RS : — f : :
: ) —Hfs) 1_ gn?
L o Hs—8) :
___H e 08-
—10- shifted u . :
— S
-20
%s—SO :
540 Q H(s)
k] X HopiedlS)
£7%0 O H(s-3)
<60 :
-70
-
B e b e
_QO ) 2 . 4 i R e ’,"jg:f!' n H;n
10 10 Real Part
Frequency {rad/sec) g5 &

Figure 2.5: Poles and Magnitude plot of H(s), H(s —d) and Hgp; frea(s)

2.4 Loading Effects

This design will be used as a part of a larger design and does not act as a standalone
filter, i.e. it will follow and be followed by different blocks. To minimize the effect

of loading it should have a very high input impedance. But since the passive

10



ladder has a finite input impedance, it is driven using a voltage controlled current
source (vees). This can be done by converting input voltage source to its norton

equivalent and replacing the current source by an input Gm-cell.

R L, L,
— AW — N —— N0

Vin

S

/1
@)
)
)

Gm 2115 TN—r—=

1 1 —L v,
rel o] o
. 2 —l— o !

Figure 2.6: Using a Gm-cell at input

To maintain same DC gain as before the transconductance of this Gm-cell has
to be 1/R. Rest of the filter is made of passive components whose characterstics do
not depend on their operating point and this block is the only source of distortion.
Since, output noise is also dominated by the Gm-cell, the only other noise source
being low-valued resistors used in ladder, swing limits and dynamic range of input
signal are limited by its performance. Its implementation is discussed later in

Chapter 6.

2.5 Bandwidth Tuning

The filter is desired to be operable in hundreds of megahertz range with its band
width tunable from 400 MHz to 1 GHz in four steps. Usually when a filter’s band-
width needs to be increased by a factor n, it can be easily done by multiplying
each element (except the termination resistance) by 1/n. But tuning a spiral by

adding/removing segments to obtain four different values of inductances proves to

11



be very cumbersome. Another way would be to have four separate spirals and to
connect them in series as and when required. But to avoid the effect of mutual
coupling between these coils they have to be placed far apart, which means using
much more chip area than before and adding to losses due to resistance offered by

interconnects and switches.

Therefore to avoid these practical problems, the inductor is left untouched and
the bandwidth is tuned by changing the values of the three capacitances and ter-
mination resistance. This also means that quality factor ) of the elements remains
same for all bandwidths. From the denominator in Eq. 2.3, a; (the coefficients of
s') can be written as,
apg =1
a; = R(Cy + Cy + Cs)
ay = C1L1 + (C1 + Cy) Lo
as = RC5(C1Ly + (C1 + Cy) Ly) + RC1C2 L4
as = C1C5L1 Ly
as = RC1CyC5L,1 Ly

To decrease the 3dB bandwidth (wssp) by a factor n, the transfer function has
to be changed from H(s) to H(n X s), i.e. coefficients in the denominator should
change from a; to a; x n'. Looking at their dependence on element values above
and keeping in mind that L; and Ly stay unchanged, wsgp can be converted to
wsqp/n by
C — C xn?

R

R—)E

As seen before, poles of an ideal Butterworth system fall on a circle of radius
wsgp rad/sec centered at the origin. Hence, poles of H(s) and H(n x s) lie on
concentric circles with radii 1 rad/sec and 1/n rad/sec. But since the ratio§ = r/L
remains same in both cases, Hgp;freq(s) does not translate to an ideal Butterworth
after frequency scaling. This happens because along with s, § also needs to be

multiplied by n to retain similar transfer function across bandwidths.

12



H(s) — H(n x s)
H(s—0) — H(nxs—6)=H(n x (s — £)) instead of H(n x (s —4))

In other words, for lower bandwidth filters the quality factor required to obtain
back the ideal Butterworth transfer function keeps increasing. This can be easily
seen from the fact that since poles of H(n x s) keep moving towards the jw axis
with increasing n, the value of § which pushes the pole to right half s-plane goes on
decreasing. Since, we cannot keep changing the r/L ratio for different frequencies,

its effect has to be studied and then minimized.

When new element values extracted from H(n x s — §) are used in the lossy
ladder, the poles are still pushed away from the imaginary axis by same d rad/sec.
Hence, the poles of Hgp;ptea(nx s) end up not on the circle centered at the origin but
k1 =6 x (1—1/n) rad/sec to its left. This means its magnitude response will not
have the flat Butterworth response, instead there is some pass band attenuation

and the roll off is not as sharp.

If the bandwidth needs to be scaled up, we face a similar problem. wsyp can
be converted to wsgp X n by changing H(s) to H(s/n), which means,

C— £

R— Rxn

Again the poles of Hpifiea(s/n) are off from the ideal Butterworth by k2 =
d X (n—1)rad/sec. But this time the poles have been pushed towards the jw axis
which means the magnitude response peaks within the pass band and the roll off
does not get any worse. This effect is muted a little during actual implementation
of the filter because of the finite resistance and parasitic capacitances of switches

(used for tuning) in series with capacitors.

Plots in Fig.2.7 and Fig. 2.8 show the poles and ac magnitude response re-
spectively of H(s), Hgpifrea(s) and H (s — a) for filters with bandedge at 1rad/sec,
1.4rad/sec and 0.714 rad/sec.

13



Poles in s—plane
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Figure 2.7: Poles of upscaled and downscaled transfer functions. Poles of H(s)
and Hp;frea(s) of 1rad/sec filter coincide.

2.6 Element Values

Since the filter is to be tuned from 400 MHz to 1 GHz, the mean frequency (700 MHz)
is used to calculate all the element values initially. After this, the capacitance and
termination resistances are scaled up by n = 1.428 and down by n = 1.75, which
gives comparable k1 and k2 shifts at either end. For a practical spiral in our

process ¢ turns out to be about 770 Mrad/sec (122 MHz).

The transconductance of the Gm-cell also needs to be scaled accordingly for

14



Magnitude Response
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Figure 2.8: Magnitude response for n = 1.4

maintaining the DC gain. This is done by switching on and off identical Gm-cells
connected in parallel. Each of these cells have a transconductance of 6.66 mS.

Elements’ values for the four different bandwidths are tabulated in 2.1.

Table 2.1: Element Values

[ Freq(MHz) | R(Q) [ Ci(pF) [ Co(pF) | C5(pF) |

400 30 14 22.81 .61
500 37.5 8.95 14.6 3.59
666.66 50 5.03 8.21 2.02
1000 75 2.24 3.65 0.89

L, = 23.05nH
Ly = 14.15nH

For tuning the ladder each capacitor needs to be split into four, which can
be connected in parallel using switches for realizing filters of lower bandwidths.
The same is done with shunt conductances also. The switches are controlled using

2 binary bits, b < 0:1 >. Since filter characterstics are most sensitive to the
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termination resistance (compared to other resistors used in ladder), it is made
programmable with finer steps than required and 3 binary bits (br <0:2>) are
used for control over different process corners. Although, this resistance needs to
be varied from 30 €2 to 75 for bandwidth tuning, it is instead made tunable from
24 € to 1002 to account for £30% change in resistance due to process variations.

Fig.2.9 shows a basic block level implementaion of the ladder and the capacitor

banks.

L, Ly
4115 " —e—o v
b<gg: p— b<gg:? p— b<gg:> p—
br<0:2> C, o C,
1

/I
/1

/1

b<gg:_ 1G 0.66G 0.5G 0.4G

| bb bOﬁ bbl bl

Figure 2.9: Single ended representation of final ladder and capacitor banks
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CHAPTER 3

Single spiral with multiple taps for ladder filter

Instead of using separate spirals for realizing L; and L, in the ladder a single
coil can be used which is tapped at three points. This way we can make use of
positive mutual coupling between two parts of this coil, hence reducing chip area
and relaxing the quality factor constraint (since for the same length of metal we get
some extra inductance due to positive coupling). Use of mutual coupling to reduce

size of spiral and its effect on a filter’s response has been discussed extensively in

[1].

3.1 Modeling mutual coupling

Mutual inductance between two adjacent inductors L; and L, with a coupling
coefficient of ks is given by, Mo = kiav/L1Ls. These two can be represented in a
circuit as two uncoupled inductors of values Li + Mi, and Lo 4+ M5 and an extra
inductance — M5 in series with C'5. This can be verified by writing KCL equations

for schematics (a) and (b) in Fig.3.1.

I
Vi = sLiI+sMy(I—1)+ — (3.1)
802

I
Vo = —sLy(I — 1)) — IsMyy + —— (3.2)
802



vl

(@)

71
C,

Figure 3.1: (a) Ladder with coupling between inductors, (b)Equivalent circuit
with uncoupled inductors

U3

(1

L
L M) — sMpIl; + —
(sLy + sMis) SM12 1+802
L
LI Mio(I —1 ——
Sl + s 12( 1)_'_802
I
—8M12]1 — (I — ]1)(8[/2 + 8M12) + —1
802
I
—sLo(I — 1) — IsM ——
sLo( 1) s 12—1‘802

(3.3)
(3.4)
(3.5)

(3.6)

This negative inductance — M5 adds a new term in transfer function’s numer-

ator, 1 — s M5Cs, which introduces two right hand s-plane zeros at 4++/1/M;5Cs.

These zeros cause undershoot in the step response and reduced stopband atten-

uation. But, the positive inductance of interconnect used to tap the spiral and

connect Cy can be used to reduce this effect, as shown in Fig.3.2. Even if L3 is

not exactly equal to M, it pushes these zeros to a higher frequency or to the left

half plane. But if this interconnect’s resistance is large enough, it creates a left

half plane zero at 1/CyRinterconnect Which lowers the pass band gain.

3.2 Implementation of the spiral

Inductances required in this low pass filter, as mentioned in previous chapter, are

23.05nH and 14.15nH. Minimum L/r required to recover a response proportional
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L;+My, L,+My,

I—3'M12

Figure 3.2: Cancelling negative inductance M

to an ideal Butterworth from a lossy ladder is 1.3 nsec. This fraction sets a min-
imum limit to how wide the metal tracks need to be. Wider tracks also lead to

an increase in the overall spiral size and capacitance to bulk substrate (C,, in

Fig2.3).

Reduced spacing between adjacent turns in a spiral increases its inductance
but it means higher capacitive coupling between adjacent segments which brings
down the self resonance frequency. This can be modeled with an added capacitance
(capacitance between side-walls of tracks) in parallel with the inductance, (Cj),
which provides a direct path across the inductor at higher frequencies bringing
down the stop band attenuation. Spacing for this design is limited at 3 um which
keeps C's low enough not to cause any problems in passband and give a stop band

attenuation of around -60dB.

Coupling between adjacent turns in on chip coils can go up to 0.6. To reduce
coupling between L; and L,, some extra space is left before starting the second
spiral. It should be noted that cancelling —M;, as discussed in previous section
would be so straight forward only if mutual inductance between two coils is small
(few tenths of a nanohenry). Any larger L3 would require an actual coil whose
coupling with the two main spirals also needs to be accounted for. Extending
the equivalent circuit of two coupled inductors in series, as presented in previous

section, to three inductors, i.e. L,, Ly and L, of Fig. 3.3, we can get
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L1 = Lg+ My + My, + M, (3.7)
L2 = Ly+ My — M, — M, (3.8)
L3 = L.+ M.+ My. — My, (3.9)

where,

L, and L, are self inductances of two main coils,

L, is self inductance of coil used for tapping,

M;; is the mutual inductance between L; and Lj,

L, and L, are inductances to be realized for the passive ladder

L is the net inductance in series with C5.

Mab

y /\Lb L, L,

Figure 3.3: Mutual coupling between three inductors and their circuit equivalent
using uncoupled inductors

In Fig. 3.3 coupling between the second spiral L, and L., i.e. M. can be made
very small or even negative by making sure that direction of currents in their
branches is opposite. Similarly M, is increased by placing the cancelling coil (L.)
such that magnetic fluxes of the two coils add up. Plot of the final spiral’s layout,
Fig 3.4 shows one way of doing this. One segment of L. runs from underneath
Lo, but in the opposite sense, so that any positive coupling due to other segments
is cancelled out. Although, now the second spiral needs an extra quarter turn to
compensate for negative coupling. There is an extra spacing about 75 ym between

Ly and L, to keep coupling coefficient down to 0.198.
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Figure 3.4: Layout of the full spiral in Virtuoso

The given structure was simulated in Fasthenry. Self and mutual inductance

(along with their resistive impedance in brackets) are listed below

L, = 18.8nH (17.83()
L, = 12.1nH (10.77Q)
L. =1.35nH (3.779Q)

Mgy, = 3.04nH
Mbc =—0.1nH
M,. = 1.33nH
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These values when used in used in Eq.3.7 give,

Ly =23.27nH (17.830Q)
Ly =13.91nH (10.774)
Ls = 0.27nH (3.779Q)

3.3 Area comparison

Using a single coil instead of two separate ones for realising two inductors helps

in reducing overall chip area becasue

e positive mutual coupling brings individual inductances to be realised down
by Mg

e two separate coils need to be placed far apart to preclude any coupling
between two inductors

e quality factor constraints are very relaxed leading to thinner tracks and
smaller spiral

The single coil used in this design is a square spiral of size 550 x 550 um?.
Whereas two uncoupled inductors of values 23.05nH and 14.15nH require spirals
of sides approximately 450 ym and 350 um in length. To fairly compare total area
occupied, L; and Lo should have same coupling coefficient in both techniques.
The coupling factor of the coil designed in previous section from the value of final

L3 iS,

Ls

ko =
12 T.L,

= 0.015 (3.10)

Separate coils of sizes mentioned before should be at a distance of atleast
75 pm to achieve such a low mutual coupling. Fig. 3.5 compares the area usage by
single ended coils, in the two cases. A clearance of 25 ym is provided around each
spiral. As can be seen, the separate spiral method employs 36% more area than

the implemented spiral.
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Figure 3.5: Comparison of areas of single ended separate coils and a single tapped
coil

3.4 Modeling of spiral in spectre

A preliminary spiral is designed using EM Simulators like Asitic[2] and Fas-
thenry [3]. These simulators work fine for a planar coil and take less time which
is useful during optimization and for deciding spiral parameters. For a thorough
analysis of the final coil which involves effects of ground contact, sidewall and sub-
strate capacitances, coupling between tracks in different metal layers and calcula-
tion of s-parameters over a large frequency range, the said design is implemented
in AWR Microwave Office and simulated using EMSight 2.5D electromagnetic

simulator. Following subsections discuss these two methods.

To assess the changes in resistance and inductance values due to skin depth,
each metal track is divided into segments whose dimensions are less than the skin
depth of the metal in the desired frequency range. Skin depth is calculated using
Eq. 3.11 and comes out to be around 1.5 um at 10 GHz. As seen from simulations,

skin effect starts playing a role only after 3 GHz, but still grid size in Microwave
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Office and variables nhinc and nwinc in Fasthenry should be decided such that

segment sizes are less than the skin depth.

)
5, = ]2 (3.11)
W o Ly

where, p is resistivity of conductor,

w is frequency of operation in rad/sec

and p, is relative magnetic permeability of the conductor.

3.4.1 Distributed model

The lumped model shown in Fig. 2.3 is accurate only for low frequencies. The
spiral, being a transmission line, should ideally be represented by an infinite num-
ber of such pi models in series. Instead, we can keep increasing the number of
segments till there are no more significant changes in its frequency response. Ca-
pacitance between turns and to ground are calculated using extracted layout of
spiral in UMC 180 nm technology. For this, the coil needs to be broken down into
smaller segments, each of which is treated as a lumped element, to allow better
modeling of sidewall capacitances. The minimum number of such segments re-
quired is equal to the spiral’s number of turns. Metal resistances (Ry;; and Ryo
in Fig. 3.6) are used to identify these segments as separate nets during extraction

without affecting the spiral.

In Fig.3.6 Li3, Lo and L34 are a sum of both segment’s self and mutual
inductances. Cio and (s are side wall capacitances and Cg;, C'go and Cg3 are
capacitance to the ground plane as extracted from UMC180 capacitance tables.
Instead of having a single pi model for the whole coil, a separate distributed model

is created for the three inductors while using them in the schematic.
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Figure 3.6: Distributed pi-model of a sample inductor

3.4.2 3-port system

The full spiral is essentially a 3 port system whose s-parameters as calculated
by Microwave Office over the frequency range of interest can be used for ac-
simulations in cadence. To make sure that an IC’s environment is replicated,
the enclosure in Microwave Office should include each metal and oxide layer along
with the bulk substrate defined using UMC 180 nm technology’s parameters. In
RF CMOS processes such as we need for this design, the bulk substrate resistivity
is large enough to ignore the effect of parasitics between metal tracks and ground
plane at the bottom of substrate. But, since we also have metal to substrate

contacts very close to the coil the capacitance to bulk, Cg, cannot be neglected
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and needs to be modeled. This can be done by simply laying out the spiral close
(similar to its distance from bulk contacts in chip layout) to the sides of enclosure
(which are also grounded in EM simulators to provide for boundary conditions
while solving for the fields). Since these ground contacts can be layed out such
that they are close to only one side of the spiral, their role in increasing the effective

capacitance to ground is limited.

Figure 3.7: Inductor as a 3-port system

For simulation purposes, the 3 port s-parameters are used for calculating the
magnitude response of the filter whereas all transient simulations (distortion anal-

ysis, step response, etc) is done using the distributed model.
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CHAPTER 4

Input Gm-cell

As discussed in Chapter 2, at the filter’s input a vces is used to increase ladder’s
input impedance. Since it is the only non linear element in the whole filter, the

Gm-cell’s non-linearity and output noise decide the filter’s dynamic range.

4.1 Design

To increase the Gm-cell’s signal swing, source degenerated architecture is used.
For a MOS transistor M, (Fig.4.1) whose source is connected to ground through

a resistance Ry, drain incremental current can be written as

lout

___________

Figure 4.1: A source degenerated nMOS

tout = (vg — V) Gm = (Ug — out ) gm (4.1)

Lout

/1-17
1+ gmR



Hence, the effective transconductance of this nMOS is g/, = gm/1 + gnR.
For g,,R > 1, g/, becomes 1/R. Since this resistance is independent of transis-
tor’s operating point, the transconductance stays completely linear as long as this
condition is satisfied. This is done by drawing more current and/or using larger

transistors. A differential Gm-cell using this architecture is shown in Fig. 4.2.

_____ vdd

Rt l'sMSJ pbias EM6 lll
|
e ©oom op°]

M1,M2: 24(8.75/1) |, =2.33mA
M3,M4: 50(5.1/0.18) I, =7 mA
M5,M6: 8(8.75/0.18) I, =4.66 mA
R,R; = 150 Q

__________________________________

Figure 4.2: Schematic of the input Gm-cell

Each such cell has a transconductance of 6.66 mS and drives a part of the
ladder’s termination resistance of value 150 {2. Realizing such a high transconduc-
tance, especially with 1.8V supply and degenerated input pair, is tricky in our

case because

e g,,R > 1 constraint requires larger transistor sizes

e large drain capacitances of input pair decreases bandwidth over which Gm-
cell can be used

e low overdrive of input transistors decreases linearity
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e finite impedance offered by tail current sources reduces effective gain of Gm-
cell

e noise of tail current sources simply adds to the ouput unlike a simple differ-
ential pair

To get a large overdrive and hence better linearity, the input common mode
is chosen to be V,., = 1.1 V. The output common mode is decided by quiescent
current flowing through termination resistors. Since we want the output and input

common modes to be same, this current has to be limited to,

‘/supply - %cm _ 1.8—-1.1
Ry 150

Iy = — 4.66mA (4.3)

To increase DC current that can flow through M3 and My, some current I; is
diverted using transistors M and Mg whose output impedances should be high
enough not to affect Rp’s effective value. Combined parasitic drain capacitances
at outputs of all five Gm-cells can be absorbed into C3 which is also connected be-
tween output and ground. Thus, sizes of these pMOS and input nMOS transistors
are limited. Hence, I; is limited by drain capacitance of M5 and Mg and is fixed to

be half of I3. Thus total current through tail nMOS sources is Iy = I; + I3 = 7TmA.

The bias distribution section in Chapter 6 discusses how the transconductance
of this cell can be tuned according to the required termination resistance for a

particular bandwidth mode of the filter.

4.2 Simulation results

IM3 simulations are done for a Gm-cell, with extracted parasitic capacitances, for
varying input amplitude (for input tones of 880 MHz and 890 MHz) and for varying
input frequency (at 0.5V Vj,,q) and the results are shown in Fig. 4.3. In these plots
the y-axis denotes the ratio of powers of input and third order intermodulation

tones. For example, if the input tones are at 490 MHz and 500 MHz the graph’s
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datum

IM3495 =10 x IOg

As

at 495 MHz will be given by

power of tone at 480 MHz + power of tone at 510 MHz
power of tone at 490 MHz + power of tone at 500 MHz

(4.4)

can be seen from Fig.4.3 the input amplitude at which intermodulation

tones’ power is 40 dB below that of input tones is 1.68V V4.

IM3 (dB)

IM3 (dB)

IM3 vs Amplitude

—80 l \ 1
05 1 1.5 2 2.5 3
vippd (V)
IM3 vs Frequency
-54

500 1000 1500
Frequency (MHz)

Figure 4.3: Variation of IM3 with input amplitude and frequency
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CHAPTER 5

MOS capacitors for the ladder filter

Metal-metal capacitors are very linear but their specific capacitance is pretty low
(1fF/um?). The total capacitance to be used for this low pass filter sums up to
about 42 pF. This means 42, 000 um? of chip area is used up in implementing the
ladder’s capacitance itself. Now, the inductors no longer dominate area usage.
Also, since both these components use the top most metal layer in UMC 180 nm
technology, it would mean their areas just add up. A solution to this would be
to use MOS transistors in their accumulation region instead. They have limited
linearity and their capacitance is dependent on biasing voltage, but since chip
area required to implement the filter reduces to nearly half, it is definitely worth
exploring. Unlike metal-metal capacitors which occupy the top most thick metal
layer, these capacitors can potentially be laid out beneath the inductor spiral

further reducing chip area.

5.1 Region of operation

We will go through a brief overview of the C-V characterstics of a MOS capacitor
[4] before deciding upon their operating region. In a MOS transistor accumulation
occurs when its gate is pulled down below the bulk by more than the flat band
voltage, i.e. when Vg < Vpg. As we can see in Fig.5.1, voltage Vg drops
linearly across gate oxide and the electric field is towards negative x direction
(from bottom of oxide to gate poly). This causes holes to accumulate at top of the
substrate and electrons collect at bottom of the gate, which is exactly what we

would expect from a parallel plate capacitor. In a parallel plate capacitor C' = €/d



(capacitance per unit area), thus in this case where t,, is the thickness of oxide

C'Moscap = Cox - ;ﬂ (51)

ox

| ‘ ®

N-WELL '
P SUBSTRATE X
@) (b)

Figure 5.1: (a) Cross section of a MOS capacitor (b) Voltage along a vertical
cross-section with respect to Bulk (V)

When the gate is biased between the flat band voltage and threshold voltage
(Vep < Vg < Vrpy), the transistor operates in depletion mode. In this region the
potential drop across oxide is still linear (C,, is present), but the depletion region
also offers some capacitance in series with C,,. The depletion width and hence
depletion capacitance (Cy) depends on gate voltage applied. The total capacitance
CMoscap = (CozCa) /(Cop + Cy) decreases with Vg, as depletion width is directly

proportional to applied bias.

Inversion occurs for Vgp > Vry, when the silicon near the surface of the device
(i.e. around x = 0) becomes inverted, meaning it actually starts acting like n-type
silicon, despite being doped p-type (for an nMOS). This means is that electrons
form at the surface, creating an inversion layer of charge. In inversion the depletion
region stops growing and stays at its maximum, while charge is free to grow very
large as Vpp is increased. Which means there is no depletion capacitance, but
charge in n* gate and inversion layer increases, so that Cieseap = Cor. But since
electrons in the p-type substrate have to be generated slowly by thermal excitation,

the inversion layer cannot track high frequency (more than tens of Hertz) changes
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in bias and we are left with depletion capacitance Cy.

Fig. 5.2 shows the variation in capacitance across a MOS transistor with the
applied voltage Vgp. Since we intend to use these MOS capacitors in place of
metal-metal capacitors, the region of operation should be deep accumulation or
strong inversion because this region provides the maximum specific capacitance

and change of charge with Vi is most linear.

\ CMoscap

Y

Figure 5.2: CV characterstics of a typical MOS capacitor

Use of nMOS transistors in an N-well as Mos capacitors in accumulation has
been discussed in [5] and [6]. Apart from the fact that there is no extra carrier
source necessary in accumulation mode we also have both bulk and gate termi-
nals at our disposal. Also, the reduction in flat band voltage provided by this
arrangement means that the transistor will be operating in deep accumulation
region. Since, the bulk of N-Well is to be at a lower potential than the gate for
the nMOS to be in accumulataion, the gate can connected to the inductor spiral
whereas the bulk contact goes, directly or through a switch, to ground. For sim-
ulation purposes the 180 nm UMC technology’s nMOS transistor models are used
in accumulation, i.e. their gates are grounded and bulk, drain and source contacts
shorted together and connected to the the common mode voltage. Another way
to model MOS capacitors would be to use transistors in inversion, as they donot
include the forward biased p-n junctions like the accumulation nMOS in P-well

capacitors. But, these models give unexpected results (—80dB IM3 distortion
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throughout signal swing) during simulations because of which the accumualtion

model only is for all the distortion analyses in this design.

5.2 Resistance offered by MOS capacitor

A MOS transistor in accumulation offers some resistance in series with the oxide
capacitance (C,, in Fig.5.3), which originates from the channel resistance and
high resistivity of gate polysilicon contact. Since contacts to the gate polysilicon
can be made only at the lateral edge of each finger, the resistance offered by
polysilicon comes into effect. As we are interested in an approximate comparison
between impedance of the capacitance (at the frequency of interest) and MOS
capacitor’s series resistance, it is assumed that the oxide capacitance which in
reality is distributed throughout the width of gate, is lumped and appears at the
center of the channel (as depicted in Fig.5.3(c)). This means that from the gate

contact to the center the gate polysilicone offers a resistance R, which is given by,

R, =

(5.2)

X Rsh,gate—polysilicon X

w 1
X_
L

N —

number of fingers

Also, as seen in Fig. 5.3(b), the channel resitance also comes in series with the

gate oxide capacitance and can be estimated as,

1 1

Rc annel — X 5.3
hannel = 47 gas ~number of fingers (53)

As an example we take one of the MOS accumulation capacitors of value 3.4 pF
to be used in this filter. This capacitor is implemented using a MOS transistor
which has 24 fingers each of width and length 32 yum and 0.5 pm respectively. The
channel resistance is estimated from simulation where this same mosfet is operating
in inversion region (although a channel in inversion offers lower conductance than
one in accumulation). The sheet resistance of gate polysilicone is 8 ohm/sq. Using

this data, impedance of the three elements at 0.5 GHz (bandwidth at which this
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Figure 5.3: (a)Representation of a MOS capacitor with series losses
(b)Accumulation channel’s resistance (c)Gate polysilicone resis-
tance

capacitor is being used) in Fig. 5.3(a) are calculated.
Rpory = 1102

Re,, = 93.660

Renannet = 0.8582

Impedance from the series resistances is just about comparable to the capc-
itance at the given frequency and the gate contact dominates the losses which
is because of its high sheet resistivity. Its effect on capacitor’s functioning will
be higher in cases where wider channels are used. But, by using contacts from
this gate polysilicon layer to one of the metal layers throughout the width of the

channel, and laying out the metal path in parallel with gate, can help us in reduc-
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ing R,., and make series resistance negligible with respect to the accumulation

capacitance.

The same capacitor when realized using longer channels has higher R panner
resistance although the gate polysilicon impedance will be less now. For a MOS

transistor with four fingers each 4 ym long and 25 pym wide, these values are re-

calculated,
Ryory = 442
Re,, = 93.66 Q2

Rcharmel =125Q

As we can see, the length of fingers being used in transistors can be varied
to minimise the net series resistive losses of the MOS capacitor. For this design

transitors with channel length of 0.5 um are used for all capacitors.

5.3 Effect on filter’s linearity

Using MOS capacitors instead of metal-metal capacitors saves chip area, but it
eats into filter’'s dynamic range. Even in accumulation region these capacitors
have limited linearity as their capacitance drops down with increasing Vg, Also,
since they have to be biased at common mode voltage (V) and not the full 1.8 V

supply, voltage swings suffer even more.

But, these capacitors are not the only contributors to distortion. As discussed
in Chapter 4, the input Gm-cell itself is non-linear and if its non-linearity is much
more than that of the MOS capacitors, over the desired signal swing, then only

its distortion will determine the final filter’'s dynamic range.

IM3 simulations with input peak to peak differential amplitude (Vi,pq) of
500mV are carried out for a Gm-cell and a lowpass passive ladder with MOS
capacitors (1 GHz bandwidth) individually across different frequencies to look for
the worst distortion frequency. The plots shown in Fig.5.4 shows the results of

simulations done with two tones spaced by 10 MHz and their mean frequency is
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shown on the x axis.

IM3 vs Frequency

- u -Gm-cell
—a— Moscap ladder

IM3 (dB)

0 500 1000 1500
Frequency (MHz)

Figure 5.4: IM3 vs Frequency comparison

As can be seen from this plot, distortion keeps increasing with frequency in
both cases. Thus, input frequencies for worst case distortion simulations are chosen
to be somewhere close to band edge inside the pass band. Fig.5.5 shows 3"¢ order
intermodulation distortion with varying input amplitude, at input frequencies of
880 MHz and 890 MHz, for an isolated Gm-cell and a passive ladder using MOS
capacitors. The —40dB IM3 input amplitude for a Gm-cell is 1.68 V V4 whereas
that for lowpass ladder is 2.5V V;,,,4. Except for a range of input amplitudes, where
harmonics cancellation is more pronounced due to source degeneration, distortion

from Gm-cell clearly dominates the overall non linearity of filter.

From these IM3 simulations we have made it clear that by using MOS capaci-

37



IM3 vs Input Amplitude
-20 ' ' T ) T
- % =-Gm-—cell : ; ;
—=—Moscap ladder| . co o _aerX

-30

M3 (dB)
k
[

_50_“”__“__i"___"__:_

70 [ 9 8. AR SRS S — T _—

_80 i ; i
0 0.5 1 1.5 2 2.5 3

vippd

Figure 5.5: Distortion comparison between Gm-cell and Moscaps

tors we would be saving up on almost half of the chip area that would have been
required for a filter with metal-metal capacitors, without decreasing filter’s overall

dynamic range, which is still decided by noise and non-linearities of Gm-cell.

38



CHAPTER 6

Fifth order tunable passive Butterworth ladder
filter using MOS capacitors

A fifth order lowpass Butterworth ladder filter is designed in a 0.18 um CMOS
process with a supply voltage of 1.8V. Its bandwidth is tunable in four steps
between 400 MHz and 1 GHz. The filter is fully differential with a common mode
voltage of 1.1 V. It uses a single coil for realizing two inductors as discussed in
Chapter 3. Instead of metal-metal capacitors MOS capacitors in accumulation are
used as discussed in Chapter 5. Both these techniques help in reducing chip area
which otherwise would have been too large, for a passive filter at this bandwidth,
to be of any practical use. This chapter focuses on design details of all blocks

which make up the filter.

Fig. 6.1 shows the block diagram of the filter. The two test buffers are used for
accurate characterisation of the filter by deembedding any effects from the chip
and test board. Digital logic block is used for decoding the control bits used for
tuning the filter’s bandwidth. The chip uses a 10 uA reference current source to
provide bias currents and voltages for the Gm-cell and test buffers using the bias
distribution block. Finally the multiple tapped spiral and MOS capacitors are
brought together to form the LC ladder which is the core of this filter. For better
performance across process corners the termination resistance too is made tunable

which in turn renders it not completely linear.

6.1 Bias generation and distribution

Effective transconductance of the input vces can be changed by connecting the

required number of Gm-cells in parallel. This is achieved by connecting 5 identical
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cells in parallel and selectively turning them on using two control bits b<0:1>.
The schematic in Fig. 6.2 shows this implementation. Since the outputs of all cells
are always shorted, both tail nMOS and load pMOS need to be switched off, by
connecting their biases to ground and V,; respectively using switches M; to M5, to
maintain output common mode. Fig.6.2 shows how gate bias of pMOS, M5 and
Mg, and tail current sources, M1 and M2, can be shorted to supply and ground

respectively to switch ON a particular Gm-cell.

Gate bias (pbias and nbias) voltages are generated using a reference current
source of 10 uA using the bias generation circuit of Fig.6.3. The schematic also
includes current distribution for the test buffers each of which require a bias current
of 500 uA. Mi;’s size is one third of Mjy because as discussed in Chapter4 the
pMOS loads carry only a third of the total current in Gm-cell’s each branch.
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6.2 Termination resistor bank

The termination resistance is made programmable using 3 bits (br <0:2> decoded
to res < 0:7>) to cover for variation over process corners. Fig.6.4 shows its
implementation. Ideally a switch should not add any series resistance. But this
would require the pMOS switches to be very large, since current ranging from
2.66 mA to 5.6 mA flows through each conducting branch. A large switch adds
to parasitic capacitance to ground in series with Rr which effects the magnitude
response of filter. Thus, instead of making switches” ON resistance small, its made
approximately one third of the total resistance offered by that branch. Although
this means that the termination resistance too now is non-linear. Its effect on the
filter’'s dynamic range can be seen from simulations and is discussed in the next

chapter.

Digital bits for controlling input transconductance and Ry bank are given in

Table.6.1

Table 6.1: Digital bits for tuning the filter

| Freq (MHz) | Ry (Q) | G, (mS) | b<0:1> | br<0:2> |

400 30 33.33 00 001
500 37.5 26.66 01 011
666.66 50 20 10 101
1000 75 13.33 11 110

6.3 Digital logic

The only digital blocks in the filter is a 3 bits binary to thermometer converter
and a two bit decoder. While tuning the termination resistor bank by one step, all
the previously conducting branches still need to be ON and only the last resistor
needs to be switched ON or OFF, which requires a thermometer code. Since the
switches in resistor bank are pMOSes the control bits (Res < 0:7 >) are active

low. Fig.6.5 shows the schematic by which it was implemented.
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6.4 5" order LC ladder

The capacitor banks are tuned using the same controls bits as the Gm-cell b <
0:1>. Differential schematic of these blocks are shown in Fig.6.6 and Fig.6.7
along with the element values. As can be seen the shunt conductances are also
broken up into four so that they can be tuned along with the capacitors. All MOS
capacitors’ bulks are grounded and their gates are connected to the signal path,
i.e the inductor spiral. Capacitor C3 is done away with in 1 GHz bandwidth mode
since the summed up parasitic drain capacitance of the five Gm-cells is sufficient.
Also, by default the ladder realizes 1 GHz lowpass filter since no switches are used
this mode to avoid any extra resistance and capacitance offered by the switches

in series with the capacitances and shunt conductances.

But these switches cannot be avoided completely, as they are essential for
realizing other three bandwidths, which leads to other complications. Taking for
example the second (666.66 MHz bandwidth) branch in Fig. 6.6, when b1 is 1.8V,
ON resistance of Mj, to ground falls in series with capacitance Cy; which leads
to reduced bandwidth and a magnitude response which droops in the pass band
itself. Also, if the sizes are increased in an attempt to lower this series resistance,
their drain parasitic capacitance to ground makes sure that its branch never really
fully switches OFF as there is always a capacitive path to ground (although much
reduced because these two capacitances are in series). Thus, switch sizes are made
larger for smaller bandwidths, i.e. when the capacitances are larger so as to have

least effect on filter’s transfer function.

From Fig. 6.6 and Fig. 6.7 its clear that the two nMOS switches in series can be
replaced by just one, either of whose terminals are biased at ground (for capacitor
branches) using large resistors. The swithces in series with shunt conductances
need not be biased at all. This clearly appears to be a better design as it also cuts
down the resistance offered by these switches to half. But since the combined area
of swithces and the large resistances remains almost same as the two switches

prototype, we opt for the design with inherent symmetry in its layout. Also,
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switches’ resistance is negligible when compared to shunt resistances.

Due to the combined effect of extracted capacitances and switches’ parasitic
effects the filter’s bandwidth in all four modes drops down by around 5%. In an
attempt to retain the nominal bandwidths, the transistors used as capacitors have
to be made smaller by a fraction of their calculated value. Since, the inductances
have not been scaled down, final filter characterstics deviate further from ideal

Butterworth.

Inductor spiral for L; and Ly has already been discussed in Chapter.3, which
completes the design of 5" order LC Ladder.

6.5 Test buffer

The filter discussed above will be used as part of a larger design and doesnot
act as a stand alone device. Since the filter has not been designed to drive huge
capacitive load of the package and the test board, test buffers are used to prevent

any loading of the filter.

In order to accurately characterize the filter while testing, gain of the buffer
is negated using switch control. Details of this testing technique can be found in
[7]. This can be achieved by negating the gain of the buffer using switch control.
The buffer is essentially two simple transconductances implemented differentially.
The outputs of these two are shorted but in opposite sense. If only one of these
is switched ON at a time, the output’s sign depends on which differential pair is

working.

Design of the buffer should be such that distortion generated by it is much less
than that of the filter itself. Hence, the input nMOS pair should be as linear as

possible which can be done by

e using 3.3V supply

e reducing the swing limits as seen by its input pair
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e increasing their overdrives

Circuit schematic of the test buffer is shown in Fig.6.8. Transistors M;; and
M5 form the positive and negative paths of the buffer respectively. Mgy and M;0
are cascode transistors used to enhance output impedance of the transconductor.
Their drains are connected in the opposite sense to allow the gain to be either
of +1. their gates are controlled using digital logic which is pulled to logic level
0 when both paths are off. Resistor Ry acts as a dampening resistor to avoid
possible oscillations with the bond wires’ inductance. M, transistors are used to

switch on/off the two paths and the whole buffer.

In order to prevent loading on the filter the input transistors are driven using
common drain amplifier stages. The source follower stage is implemented using a
pMOS input stage Mg and an active load M;. The signal is attenuated by a factor
of 3/8 between the source follower and transconductance stage to reduce input
swing to the the transconductances, thereby improving buffer linearity. Current

for these buffers is distributed using the bias distribution block.

Although an attenuated input to the transconductance stages increases the
buffer’s swing limits it can pose problems while filter’s output noise measurements.
Thus, for noise measurements an extra transconductance stage is added whose
inputs come directly without attenuation from the common drain amplifier. Also
to increase gain further the tail current sources in this transconductance stage
are done away with. This way the input transistors have a very high overdrive,
which reduces the noise from the buffer. Even with these measures the noise levels
of 400 MHz and 500 MHz filters fall below that of the filter. Noise at the buffer
outputs is plotted in Fig. 6.9 for the filter and direct paths when the filter is tuned
for 1 GHz and 0.66 GHz 3dB bandwidths. Three bits (bt < 0:2 >) are used for

switching between each transconductance.

Fig.6.10 compares the distortion levels of the filter’s least non linear mode

(1GHz) and that of the buffer.
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CHAPTER 7

Layout and Simulation Results

7.1 Layout

The designed LC ladder filter was laid out using CADENCE Virtuoso Tool.
Fig.7.1 shows the layout of the design. The bounding box has dimensions of
1220 prm x 740 pm but out of this 605000 um?, i.e. two thirds of the total area, is
occupied only by the top metal layer. This means that the whole transistor cir-
cuitry for this filter can be pushed below the inductor metal tracks or this design
can be integrated with some other active filter design to obtain a widely tunable

filter without using any extra chip area.

7.2 Simulation Results

Simulations of the entire filter are done after laying out and extracting the vari-
ous blocks. But since the inductances are simulated using an EM simulator and
Mos capacitors are laid out in N-wells, which renders them unrecognizable by
ASSURA, Cadence’s extracted views of these two blocks cannot be used during
simulations. As mentioned in Chapter. 5, the inductor coil is modeled as a 3-port
systems whose s-parameters are imported from Microwave Office over 10 MHz to
40 GHz range for the ac simulations. Although this would mean that process and
temperature variations of the spiral’s inductance and resistive values are ignored.
For transient analysis the three inductors are replaced with their distributed pi
models. To over come the non-extractable Mos capacitors problem, parasitic ca-
pacitances (obtained from the extracted view) are added to each node in the

schematic itself. These parasitic capacitances are implemented using the metal-



metal capacitor models so that their variation across process corners is similar to

the actual parasitic capacitances.

Also, across corners termination resistance has to maintained at its desired
value by tuning it using control bits br < 0:2 >. This is very easily done by
keeping the output common mode as close to 1.1V as possible. If we ignore the
change in quiescent current that flows through termination resistance (which as it
turns out changes the common mode only by tens of millivolts), this common mode
voltage tracking is the best method to maintain the correct value of termination
resistances while simulating across corners and even while actual testing of the
filter. Keeping it close to 1.1V also minimizes the slight variations in capacitance

of accumulation MOS transistors due to change in their Vg bias.

7.2.1 AC simulations

The filter is tuned through its four modes of operation using control bits as men-
tioned in Table.6.1. Fig.7.2 shows the magnitude response of filter for differ-
ent bandwidths. These plots are for simulations done at typical process cor-
ners. Variation of bandwidth across corners in different modes is listed in Ta-
ble.7.1. As expected the worst corners are the same in every bandwidth mode,
ie. in ss — resmax — mimcapsmaz corner bandwidth is least and maximum in
ff — resmin — mimcapsmin. We know already that none of the implemented trans-
fer functions are ideal Butterworth and apart from having a fractional DC gain,
their poles do not exactly fall on an origin centered circle. So, the table also

includes magnitude of maximum ripple in the pass band if any.

Table 7.1: Variation of filter bandwidth across corners

Nominal BW ‘ Minimum ‘ Typical ‘ Maximum ‘ DC gain (dB) ‘ Ripple (dB) ‘

400 MHz 358 MHz | 372MHz | 393 MHz —4.854 -
500 MHz 479 MHz | 490 MHz | 522 MHz —3.687 -
666.66 MHz | 648 MHz | 669 MHz | 695 MHz —2.493 0.04

1000 MHz 977TMHz | 985 MHz | 999 MHz —1.419 0.78
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7.2.2 Distortion and noise analysis

The dynamic range of the filter in different bandwidth modes is measured using
the SNDR plot. Input amplitude over which the sum of output noise and third
order intermodulation tones’ power remains below 1% of the signal power is taken
as the filter’s dynamic range. The output squared noise integrated over 10 MHz
to 5 GHz bandwidth is used to find the minimum input signal whereas the —40 dB
IM3 amplitude is taken as maximum signal swing to find the filter’s dynamic
range. Worst distortion frquencies are found to be near the band edge inside the
pass band for each filter, by doing IM3 simulations at 500 mV V;,,q across varying

inupt frequency.

Even though, the overall filter’'s maximum signal swing was decided by Gm-
cell’s non-linearity, it is expected to reduce because of use of non-resistive load in
the termination ladder. As we go on adding extra branches in parallel in the termi-
nation load for lower bandwidth modes the portion of resistance being realised by
pMOS switches keeps increasing, i.e. non-linearities are more for lower bandwidth
modes. As can be seen in Table 7.2 swing limits for 1 GHz filter is almost the same
as that of a input Gm-cell, but it keeps decreasing in each consecutive mode. But
because of tuning down of 3dB bandwidth, lowering of pass band gain and use
of extra copies of the Gm-cells in parallel, smaller bandwidth modes have lower
output noise levels (Fig. 7.3). Table 7.2 lists these figures as well as the calculated
SNDR values for different bandwidth modes.

Table 7.2: Distortion and Noise in different bandwidth modes

| BW (MHz) | —40dB IM3 Vj,,q | Integrated noise (V?) | SNDR (dB) | Power (mW) |

400 09V 1.347 x 107 72.73 125.8
500 1V 2.274 x 107° 71.38 100.7
666.66 1.2V 4.396 x 107° 70.01 75.6
1000 1.5V 1.036 x 1078 68.31 50.5
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7.2.3 Step response

Undershoot in step response of the filter can be used to gauge the effect of the
negative inductance in series with C5. Since, it has been compensated using the
tapping coil’s inductance and amounts to only 0.27nH, i.e. effective coupling
factor of kip = 0.27/(v/18.8 x 12.1) = 0.02 the undershoot is expected to be negli-
gible. An ideal 5 order Butterworth system has ringing in its step response, thus
the step response of different bandwidths also helps us compare the implemented

filter’s transfer function with an ideal one.

Fig. 7.4 shows normalized transient output from a unit step input to the filter at
four bandwidth settings. 666.66 MHz filter has a response closest to Butterworth,
since element values were calculated at 700 MHz whereas 400 MHz has the lowest
quality factor as discussed in Chapter2. Also, as seen from Fig. 7.5, there is no
noticeable undershoot in any of the responses. This shows that the right hand
s-plane zeros introduced because of mutual coupling between the two main coils

have been compensated using positive inductance of the tapping coil.
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CHAPTER 8

Conclusion and future work

8.1 Conclusion

The design and implementation of a tunable lowpass passive filter was discussed
in this thesis. The regular problems presented by a passive filter like non optimal
input and output impedances and difficulty in tunability are dealt with. Since, the
bandwidth of interest is lower than the conventional frequency range in which pas-
sive filters are used, steps are taken to reduce the overall area of the chip without
affecting its functionality, i.e. use of positive mutual coupling between inductors
and MOS capacitors instead of metal-metal capacitors. The programmable termi-
nation resistance helps to cover for changes in element values over process corners
such that the bandwidth in any mode does not vary from its nominal value by
more than 5.65%. Cancellation of zeros by using inductance of tap made in the
spiral ensures that there is no undershoot in the step response of filter. Even
though the termination resistance and capacitances in ladder are not completely
linear the input vces’ non linearity dictates the filter’'s dynamic range and use of
source degenerated input Gm-cells ensures that in all modes of the filter it stays

above 68 dB

8.2 Future work

In the presented design termination resistance is limited by the transconductance
of the Gm-cell, which in turn decides how large the inductors need to be. Thus,
a trade off between dynamic range and the chip area can be made according to
requirement. Use of a simple differential Gm-cell would allow higher transconduc-

tance with low power usage and will translate to lower inductance values. Smaller



inductor spirals also mean that the capacitance between metal tracks and bulk

substrate is less and a better stop-band attenuation can be achieved.
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